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The discovery of charge-density-wave order in the high-temperature superconductor
YBa2Cu3O6+y places charge order centre stage with superconductivity, suggesting they they are
intertwined rather than competing.
In physics, ‘understanding’ involves simplifying a prob-
lem as much as possible, but not so much that its
essence is lost. Since high temperature superconductiv-
ity (HTSC) was discovered in certain copper oxide com-
pounds in 19861, it has been widely accepted that the
heart of the problem is the interrelation between the (d-
wave) superconducting state, the proximate ‘Mott insu-
lating’ phase that has long range antiferromagnetic order,
and the mysterious ‘bad’ metal phase that dominates the
phase diagram at temperatures well above Persistent evi-
dence of other forms of electronic order, including charge
and spin density wave orders and nematic charge order,
has (mostly) been dismissed as being an uninteresting
“sideshow’, a material dependent ‘complication,’ or even
a ‘disease’. However, in recent years increasingly exten-
sive but largely indirect experimental evidence that these
other types of order are ubiquitous in HTSC materials
has led to a slowly spreading realization that they may
have to be included in the irreducible minimum to un-
derstand HTSC. The direct observation by X-ray diffrac-
tion of an incipient charge density wave (CDW) in high-
quality (ortho?VIII) crystals of YBa2Cu3O6+y (YBCO)
has now been independently reported by Johan Chang
et al.2 in Nature Physics and Giacomo Ghiringhelli et
al.3 in Science. This is an important discovery, with the
broad implication that other forms of charge order are
inextricably intertwined with HTSC.
YBCO is the most studied HTSC compound. It is a
quasi-two-dimensional material, as all the superconduct-
ing copper oxides are, in which the mobile electrons are
largely confined to move in layers made of copper and
oxygen, forming a liquid of strongly correlated degrees
of freedom carrying charge and spin quantum numbers.
A schematic phase diagram of YBCO as a function of
the temperature T and the doping level y (that param-
eterizes the oxygen content of its chemical composition)
is shown in Fig. 1. Near y = 0, and below the (Ne´el)
temperature TN ∼ 400 K, YBCO is an antiferromagnet
and an electrical (Mott) insulator. As y increases, a su-
perconducting phase with the shape of a rather distorted
dome (red curve) is found, which has its maximum at
the value of Tc ∼ 90 K at the optimal doping level of
y = 0.93. For doping levels y < 0.93, the material is
considered underdoped. At temperatures well above the
maximum Tc is a strange or bad metal regime with many
anomalous properties that are strikingly different from
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FIG. 1. Schematic phase diagram of the high temperature
superconductor YBCO. The red curve outlines the supercon-
ducting dome. Underneath T ∗ lies the pseudogap regime, in
which mesoscale electronic phase separation occurs.
those of familiar good metals. One of the most myste-
rious regions of the phase diagram is referred to as the
pseudogap regime, which lies below a not very sharply
defined crossover temperature T ∗, marking the bound-
ary between the bad metal and an even more anomalous
regime.
What Chang and co-workers discovered were pro-
nounced peaks in the X-ray structure factor correspond-
ing to substantially correlated CDW fluctuations that
emerge below a temperature, TCDW ∼ 140 K, which is
lower than, but of order T ∗ ∼ 250 K, at the same level
of doping. YBCO has a crystal structure consisting of
stacked CuO bilayers, and due to the presence of CuO
chain layers. The new peaks in the X-ray structure fac-
tor are centred at the scattering vectors Q1 = (q1, 0, 1/2)
and Q2 = (0, q2, 1/2) with q1 ∼ q2 ∼ 0.31. The correla-
tion length of the CDW order obtained from the width
of the superlattice peaks is temperature dependent, but
grows to a maximum value corresponding to a correlation
length of roughly ξab ∼ 20 lattice constants in plane, and
ξc ∼ 1 unit cell out of plane. The value of q1 implies
that, in plane, the density wave order is incommensu-
rate with the CuO lattice, with a period close to three
unit cells (which would correspond to q1 = 1/3 ). The
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21/2 factor in the ordering vector implies a tendency for
neighbouring bilayers to have the CDW order shifted by
phase pi relative to each other for true long-range order,
it would correspond to a new unit cell with four CuO
planes.
This fluctuating CDW order is strongly coupled to, and
competes with, superconductivity, as demonstrated by
the observed non-monotonic temperature dependence of
the scattering intensity and the correlation length; both
grow with decreasing temperature for TCDW > T > Tc,
then drop with further decrease of temperature on en-
tering the superconducting state for T < Tc ∼ 60 K.
This competition is further corroborated by the high
magnetic-field studies of Chang et al.2, which show that
application of magnetic fields up to 17 T perpendicular
to the planes has no detectable effect on the CDW corre-
lations for T > Tc, but produces a large magnetic-field-
induced enhancement of both the intensity and the cor-
relation length of the peak in the structure factor when
T < Tc. Presumably, this enhanced CDW order is an
indirect consequence of the field-induced suppression of
the superconducting order.
Fluctuating3 and static5,6 charge- and spin-density-
wave (SDW) orders (in the form of stripes) have been
seen in La2−xSrxCuO4 and La2−xBaxCuO4, but were re-
garded as special to the lanthanum 214 family. Moreover,
charge nematic order a melted CDW/SDW state with
broken rotational invariance has been seen in neutron
scattering7 in highly underdoped YBCO (with y = 0.45)
and also in Nernst-effect experiments8 above the su-
perconducting dome throughout much of the pseudogap
regime. The case of La2−xBaxCuO4 is particularly sig-
nificant as it has a pronounced suppression of Tc near
x = 1/8 where static CDW and SDW (stripe) phases
are seen, as well as a state above Tc in which the CuO
layers are superconducting and effectively decoupled9,10.
The effective doping of the YBCO ortho-VIII crystals
studied by Chang et al.2 (also studied in ref. 3) is also
1/8, and it is natural to expect a relation, although the
ordering wave vectors are different. Strong evidence of
charge order (nematic and CDW) has been seen in STM
experiments4,11,12 in Bi2Sr2CaCu2O8+δ.
More directly relevant to the findings of Chang et al.2
(and to those of refs 3,4) is the comparison with the other
evidence for charge order in YBCO. Exquisitely detailed
quantum-oscillation experiments in magnetic fields larger
than 30 T (sufficient to suppress superconductivity in
YBCO) provided evidence that the competing state is a
density wave13. Subsequent NMR experiments in mag-
netic fields in the range 1535 T have shown that a sharp
thermodynamic phase transition occurs at the onset of
the CDW phase14 (although the ordering wave vector
does not seem to agree with the X-ray results). Re-
cent ultrasound experiments15 have found a thermody-
namic transition at T ∗ and a peak in the attenuation
rate at TCDW. Finally, possible evidence of time-reversal
symmetry-breaking has been reported in YBCO with the
Kerr effect16 and in neutron scattering17.
Clear evidence of incipient CDW order in YBCO is
an important advance in the field. As the cleanest of
the cuprate materials, any ordering tendencies observed
in YBCO are probably intrinsic. Nonetheless, the re-
sults raise many questions. Is the incipient CDW order
in YBCO a material-specific property of this family of
cuprates in a narrow range of doping, or is it more ubiq-
uitous? Is it a close relative of the fully formed CDW
order seen in the same materials (by NMR) at higher
fields and low temperatures? Is it closely related to the
well-developed stripe order seen in the lanthanum 214
family and/or the short-range CDW correlations seen on
the surface of BSCCO? On a more basic level, is the
incipient CDW order always correlated with pseudogap
formation? Is local CDW ordering the cause of the pseu-
dogap or a derivative phenomenon that can, at times,
arise once the essential pseudogap correlations have de-
veloped? Is there more to the interplay between CDW
order and HTSC than just competition?
Although there is no direct X-ray evidence of any uni-
directional (stripe) character of the incipient CDW order
in YBCO, the fact that it occurs in a similar location
in the phase diagram and has such similar energy and
temperature scales, suggests a single, unifying physical
significance of the CDW tendencies in YBCO and other
cuprates. In particular, the comparable magnitudes of
the temperatures of the observed phases (other than an-
tiferromagnetism) suggest that all these orders arise to-
gether from one parent state and that the various order
parameters are intertwined rather than simply compet-
ing with each other. HTSC in the cuprates occurs on
doping an insulating antiferromagnet. In the process of
adding delocalized charge carriers to such a strongly cor-
related insulating state there is an inherent tendency of
the charge degrees of freedom (holes in this case) to un-
dergo electronic phase separation18. The combined ef-
fects of the long-range repulsive (Coulomb) interactions
and the electronic zero-point (quantum) kinetic energy
compete with this tendency, leading to complex phase
diagrams involving several generally inhomogeneous and
anisotropic states19. From this perspective, a dynami-
cally fluctuating, mesoscopically inhomogeneous mixture
of antiferromagnetic and conducting (delocalized) regions
may play the role of the parent state out of which the
many phases, including HTSC, emerge. This work was
supported in part by the DOE under contracts DE-FG02-
07ER46453 (Illinois) and DE-AC02-76SF00515 (Stan-
ford).
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